Introduction
MicroRNAs (miRs) are short non-coding RNAs that posttranscriptionally control gene expression by inducing mRNA degradation or by blocking translation. MiRs play a crucial role in regulating tissue homeostasis and can contribute to various diseases. In the vascular system, various miRs were shown to control angiogenesis, vascular inflammation, and atherosclerosis. [1] [2] [3] [4] [5] Several studies showed that shear stressregulated miRs contribute to the anti-inflammatory, cell cycles inhibitory, and vasculoprotective effects of laminar flow in ECs. 6 Particularly, members of the miR-23-27-24 cluster are increased in ECs exposed to laminar flow. [6] [7] [8] The up-regulation of miR-23b led to the inhibition of cell cycle progression, 7 but the functional role of miR-27a and miR-27b in flow responses is less clear. MiR-27a/b represses semaphorins, particularly SEMA6A, 8, 9 and thereby inhibits endothelial-endothelial repulsive signals in vitro. 8 The nuclear receptor peroxisome proliferator-activated receptor-c (PPARc) is another reported target of miR-27 in ECs. In zebrafish, miR-27b represses the Notch ligand Delta-like ligand 4 (Dll4) and Sprouty homologue 2 (Spry2) and promotes venous differentiation. 10 MiR-27a was shown to target VE-cadherin, and blockmiRs that interfered with miR-27a-VE-cadherin 3 0 UTR binding reduced vascular leakage. 11 Vessel maturation involves the recruitment of mural cells such as pericytes or smooth muscle cells and deposition of extracellular matrix. 12 Pericytes can establish direct cell-to-cell contacts with ECs by different contact morphologies including peg-socket interactions or occluding contacts, whereas smooth muscle cells, present in arteries and veins, are in less close contact with ECs. The recruitment of pericytes is believed to maintain endothelial barrier function and prevent oedema formation. 13 Pericytes have additionally been shown to control vessel diameter, however, it is unclear whether these functions can be generalized. 14, 15 EC exposure to shear stress regulates vessel remodelling and maturation, whereas a lack of flow contributes to vessel regression. 12 The recruitment of pericytes to the endothelium is mediated by multiple ligand-receptor complexes including PDGF-B/PDGFRb, SDF-1a/ CXCR4, HB-EGF/ErbB, Shh/Ptc, and Angiopoietins/Tie-2. 15 In contrast to the other named factors, Ang-2 is a negative regulator of vessel maturation and its inhibition induced more mature blood vessel and higher pericyte coverage indices in tumour vessels. 16 First studies also suggest that semaphorins, a family of cell surface and soluble proteins that were originally shown to control axon guidance, regulate vessel stability. While the function of SEMA3A is controversial and both stabilizing 17 and destabilizing 18 effects have been reported, SEMA3B reduced pericyte coverage in tumour vessels. 19 Here we explored the role of the shear stress-induced endothelial miR-27 in regulation of pericyte recruitment and vessel stability.
Methods
Cell culture, transfection, and lentivirus transduction HUVECs, HBVPs, and mouse brain microvascular endothelial cells (MBMECs) were transfected at 50-70% confluence using Lipofecamin RNAiMAX (Invitrogen) according to the manufacture's protocol. For microRNA overexpression, 10 nM of precursor molecules for miR-27a and miR-27b or control premiR (Ambion) were used (Supplementary material online, Table S1 ). For inhibition of miR-27a/b, locked nucleic acid (LNA) antimiRs at 50 nM (Exiqon) or control LNA with random sequence were used (Supplementary material online, Table S1 ). Cells were transfected with siRNA (Sigma) at the following concentrations: 67 nM (Ang-2), 100 nM (SEMA6A and SEMA6D), 134 nM (SEMA3B) or a negative control (siFirefly Luciferase; Sigma) at the corresponding concentrations (Supplementary material online, Table S2) .
Lentiviral transduction for long-term overexpression of KLF2 and shRNA mediated silencing of KLF2 was performed as previously described. 20 For long-term GFP expression, HBVPs were transduced at 50-70% confluence.
Laminar shear stress and ex vivo shear stress
The exposure of HUVECs to shear stress was performed as previously described using the ibidi perfusion system. Briefly, 1.0 Â 10 5 HUVECs were seeded into m-Slides I 0.4 Luer (Ibidi) overnight. HUVECs were exposed to laminar shear stress for 72 h at 20 dyn/cm 2 . HUVECs seeded into m-Slides I 0.4 served as static controls. The exposure of mouse femoral arteries to laminar shear stress was performed as previously described. 20 
Adhesion assay
HUVECs were transfected as described above and cultured in 6 cm dishes for 48 h until they reached 100% confluence. Afterwards, 7.5 Â 10 4 GFP expressing pericytes were added and allowed to adhere for 2 h. After three washing steps with PBS (Life technologies) and fixation with 4% PFA, 5 to ten random images were taken on an Axio Observer.Z1 (Zeiss) and the number of GFP positive pericytes was analysed.
Matrigel sandwich assay
The in vitro Matrigel sandwich assay was performed as previously described. 21 Briefly, 150 ml of growth factor reduced BD Matrigel Basement Membrane Matrix (BD Bioscience) was put in each well of a 48 well plate (Nunc) for 30 min at 37 C to polymerize. Transfected HUVECs were labelled with DiIacetylated-LDL (Life technologies) according to the manufacture's protocol. 1 .0 Â 10 5 labelled HUVECs were seeded on the Matrigel in 500 ml medium and after 3 h 1.0 Â 10 4 GFP expressing pericytes were added and allow to attach for another 3 h. After removing the medium, the second Matrigel layer (150 ml) was added for 30 min at 37 C. The co-cultures were incubated overnight. Tube formation and pericyte coverage of the whole well was visualized by confocal microscopy on the laser scanning microscope LSM780 (Zeiss) using the 10Â objectives. Pericyte coverage was analysed by calculating the ratio of GFP signal vs. DiI-acetylated-LDL signal.
Isolation of MBMECs and transendothelial electrical resistance (TEER)
For the isolation of MBMECs 10-12 weeks old C57BL/6 WT mice were used which were sacrificed by cervical dislocation. The isolation and culture of MBMECs was performed as previously described. 22 MBMECs were transfected at a confluency of 50-70%. TEER of the EC monolayer or an EC-pericyte co-culture was measured as previously described. 23 For TEER experiments, 24-well polyethylene terephthalate transwell inserts (1.0 mm pore size, Greiner Bio-one) were used. 3 .0*10 4 pericytes were seeded on the lower side (coated with 0.001% Poly-L-Lysine) of the membrane, and 24 h later the same number of MBMECs were seeded on the upper side (fibronectin coated at 5 mg/cm 2 ). The inserts were transferred to the cellZscope instrument (nanoAnalytics) and the measurements were recorded continuously every 10 min.
Western blot analysis and ELISA
Cells were lysed in RIPA lysis buffer (Sigma Aldrich) supplemented with protease inhibitors (Roche) for 15 min on ice. Cell lysates were centrifuged at 20 000 Â g at 4 C and the protein concentration was determined by the Bradford method. Equal amounts of protein were loaded on SDSpolyacryamid gels and were separated. Proteins were blotted onto nitrocellulose membrane and the following antibodies were used to analyse SEMA6A (goat polyclonal anti-human SEMA6A; 1:500, R&D Systems), SEMA6D (mouse monoclonal anti-human SEMA6D; 1:500, R&D Systems), SEMA3B (rabbit polyclonal anti-human SEMA3B; 1:5000, Thermo Scientific), Ang-2 (mouse monoclonal anti-human Ang-2; 1:500, R&D Systems) and a-tubulin (mouse monoclonal anti-human tubulin; 1:1000, NeoMarkers). Secondary antibodies were purchased from Jackson ImmunoResearch.
To additionally analyse Ang-2 concentration in cell lysates the Ang-2 Quantikine ELISA kit from R&D Systems was used according to the manufactures protocol. Cell lysates were produced as described above and were diluted 1:150 for measurements.
Quantitative real-time RT-PCR
Total RNA from cultured cells or from mouse tissue was isolated using the miRNeasy Mini Kit (Qiagen) according to the manufactures protocol. 500 ng of RNA from each sample was reverse transcribed into cDNA using random hexamers (Thermo Scientific) and MuLV (Applied Biosystems) reverse transcriptase. Quantitative real-time PCR was carried out in a StepOnePlus machine (Applied Biosystems) using SYBR Green (Applied Biosystems). RPLP0 or GAPDH served as endogenous controls (Supplementary material online, Table S3 ).
MicroRNA expression analysis
Total RNA from cultured cells or from mouse tissue was isolated using the miRNeasy Mini Kit (Qiagen) according to the manufactures protocol. For miR detection, 10 ng RNA was reverse transcribed into cDNA and quantified by TaqMan real-time PCR using the TaqMan MicroRNA Assay (Applied Biosystems) which was done on a StepOnePlus device (Applied Biosystems). RNU6 or snoRNA202 were used as endogenous controls.
Luciferase assay
Luciferase reporter experiments were used to show the direct targeting of Ang-2 by miR-27a/b. Therefore, the full length 3 0 UTR of Ang-2 (Genecopoeia) was inserted into the psiCheck2 vector (Promega). HEK293 FT cells were co-transfected with a psiCheck2 plasmid using Genejuice (Merck) and precursor molecules for miR-27a and miR-27b (Ambion) using Ribojuice (Merck). Luciferase activity was measured 24 h after transfection using the Dual-Luciferase Reporter Assay System (Promega).
Aortic ring assay
Aortae were isolated from C57BL/6 WT mice and cultivated as previously described. 24 Mice were sacrificed by cervical dislocation. Briefly, 1 mm rings were cut and embedded in type I rat tail collagen (Millipore) in a 96 well plate (Greiner Bio One) and cultivated in DMEM/F-12 medium supplemented with 2.5% FCS and penicillin/streptomycin (Roche). The rings were transfected with LNA antimiRs by adding LNA-Co or LNA-27 to the media at a final concentration of 500 nM and stimulated with VEGF (30 ng/mL). Sprouting was allowed to develop for 7 days followed by fixation with 4% PFA and staining of the endothelial cells with biotin Isolectin B4 (Vector laboratories) and streptavidin AlexaFluor 488 (life Technologies). Pericytes were stained for NG2 using a rabbit anti-NG2 chondroitin sulfate Proteoglycan antibody (Merck) and goat anti-rabbit AlexaFluor 555 (life technologies). Sprouts were visualized by confocal microscopy on the laser scanning microscope LSM 780 (Zeiss). Pericyte coverage was calculated as a ratio of NG2 signal to the isolectin B4 signal.
In vivo experiments
All animal studies have been approved by the local ethics committee (Regierungspr€ asidium Darmstadt, Hessen Germany). All animal experiments were done according to the principles of laboratory animal care and according to the German national laws. Twelve week old C57BL/6 mice were used to investigate the effect of miR-27a/b on pericyte coverage in the murine uterus. LNA-Co (20 mg/kg; Exiqon) or LNA-27 (20 mg/kg; Exiqon) were injected intraperitoneally at day 0, 4, 7, and 11. Mice were euthanized by cervical dislocation at day 14 and the organs were harvested. Immediately after the harvest, the uterus was cut into two equal pieces, one to analyse the water content and one for histochemical analysis. To analyse the water content, the weight (wet weight) of the organ was measured immediately after the harvest followed by drying for 1 week at 55 C to determine the dry weight. The water content is given as subtraction of the dry weight from the wet weight.
Cadaverine AlexaFluor-488 extravasation was determined in C57BL/6 mice. LNA-Co or LNA-27 (20 mg/kg) were injected intraperitoneally at day 0, 4, 7, and 11 followed by Cadaverine AlexaFluor-488 perfusion for 4 h and subsequent PBS perfusion for 5 min before sacrificing the mice at day 14. Cadaverine was extracted from the brain by homogenizing the tissue in RIPA buffer followed by centrifugation for 20 min at 24 000 Â g. Fluorescence was measured at 493/516 nm. Microvascular pericyte coverage was analysed from mice that were treated for 14 days with either LNA-co or LNA-27 (40 mg/kg). To analyse the distance of pericytes to the vessels, NG2DsRed mice were used after 4 days of LNA treatment (20 mg/kg).
Immunohistochemistry
For analysing pericyte coverage in the uterus 4 mm paraffin sections were stained for endothelial cell marker (rat anti-mouseCD31) and pericyte marker (rabbit anti-mouseNG2). As secondary antibody goat anti-rat AlexaFluor-488 and goat anti rabbit AlexaFluor-555 was used. To analyse pericyte coverage in the brain, PDGFRb was used as a pericyte marker and CD31 as endothelial cell marker in 50 mm cryosections. Images were taken on a confocal scanning microscope LSM780 (Zeiss) using the 25x objective.
Statistics
Data are expressed as mean ± S.E.M. Microsoft Excel or GraphPad Prism 5 software was used to assess statistical significance. Two treatment groups were compared by Student's t-test, if the data followed Gaussian distribution (as determined by Kolmogorov-Smirnov test). Non-parametric tests were applied if the data did not pass the normality test. Multiple group comparisons were done by ANOVA and post-hoc analysis if needed. Results were considered statistically significant when P< _ 0.05.
Results

Flow-induced miR-27b controls endothelial cell-pericyte interaction in vitro
We first confirmed that laminar shear stress increased miR-27a/b expression in cultured human umbilical vein endothelial cells (HUVECs) ( Figure 1A , Supplementary material online, Figure S1A ) and in mouse femoral artery explants ( Figure 1B) . The mechanism by which shear stress increased miR-27 expression was partially attributed to the flowinduced transcription factor Krüppel-like factor 2 (KLF2), which stimulated the expression of miR-27b but not of miR-27a ( Figure 1C, D) and induced the primary transcript of miR-27b (c9orf3) ( Figure 1E ). Silencing of KLF2 by lentiviral short hairpin RNA constructs abolished shear stress-induced up-regulation of miR-27b ( Figure 1F) . In case of miR-27a, MEF2A seems to be involved in the up-regulation (Supplementary material online, Figure S1B ). Taken together, these results show that miR-27b is induced by laminar shear stress via the transcription factor KLF2.
To study the role of endothelial miR-27b in the interaction of ECs with pericytes in vitro, HUVECs were transfected with precursor molecules to overexpress miR-27b or with locked nucleic acid (LNA)-modified antisense oligonucleotides, which inhibit both miR-27a and miR-27b (Figures 2A and 3A) . Since ECs and pericytes can establish direct cell-tocell contacts, 13 we investigated whether miR-27b affects the adhesion of pericytes to EC monolayers. Overexpression of miR-27b in ECs significantly increased the number of pericytes adhering to EC ( Figure 2B) . On the other hand, inhibition of miR-27a and miR-27b in ECs significantly reduced the number of adherent pericytes to the EC monolayer ( Figure 3B) . Moreover, overexpression of miR-27b in ECs increased pericyte coverage of EC tubes in an in vitro matrigel sandwich assay ( Figure 2C) . significantly reduced pericyte coverage of EC tubes under these experimental conditions ( Figure 3C) . Even though the microenvironment is different in the adhesion-and matrigel assay, the effect of miR-27a/b on endothelial-pericyte interaction is consistent. Finally, we used an ex vivo aortic ring assay to confirm these data under more physiological conditions. Inhibition of miR-27a and miR-27b significantly reduced pericyte coverage of EC sprouts of aortic rings ( Figure 3D , Supplementary material online, Figure S2) . Here, the pericytes covering the endothelial sprouts derive from pericyte precursor cells (PPC), which are located in the intima and differentiate to pericytes. 25 Since pericytes play a crucial role in maintaining the blood-brain barrier (BBB), 15 we additionally used an in vitro permeability model to explore whether miR-27a/b controls the barrier function of an endothelial-pericyte co-culture in a TEER (trans-endothelial electrical resistance) assay using MBMECs (mouse brain microvascular endothelial cells).
Overexpression of miR-27b significantly increased the barrier properties, indicated by an increase in electrical resistance, compared with controls, whereas the inhibition of miR-27a and miR-27b significantly reduced the barrier properties (Figure 2D and 3E; Supplementary material online, Figure S3A /B). To test whether these effects are EC intrinsic (independent of EC/PC interaction) or caused by a change in EC/PC interaction regulated by alteration of miR-27a/b expression in ECs, we performed the same experiment without pericytes. Neither the overexpression of miR-27b nor the inhibition of miR-27a/b affected the barrier properties of endothelial monolayers (Figure 2E and 3F; Supplementary material online, Figure S3A /B). Together these data show that miR-27b expression in ECs promotes the adhesion and recruitment of pericytes and controls the barrier properties of an endothelial-pericyte co-culture in vitro.
Inhibition of miR-27a/b interferes with endothelial cell-pericyte interaction in vivo
To validate our findings in vivo, we inhibited miR-27a and miR-27b expression in mice by applying LNAs, which resulted in a significant reduction of miR-27a and miR-27b expression ( Figure 4A ). To investigate the effect of miR-27a and miR-27b on EC-pericyte interaction, we first studied the vasculature in the endometrium of the murine uterus, as there is continuous vessel remodelling during the menstrual cycle. 26 , 27 To exclude different stages of the menstrual cycle, mice were kept in the same cages for 3 weeks for cycle synchronization. Pericyte coverage was determined by detecting NG2-chondroitin sulfate proteoglycan 4 and was significantly reduced after 14 days of miR-27a/b inhibition ( Figure 4B/C) . Further examination revealed that the reduced pericyte coverage was associated with increased thickening of the organ ( Figure 4D) . We determined the water content as calculated by subtracting dry weight from wet GFP labelled pericytes were co-cultured using an in vitro matrigel sandwich assay. Scale bar: 500 mm.
Pericyte coverage was visualized after overnight co-culture on a confocal laser scanning microscope LSM780, Zeiss by taking confocal z-stack images (n = 13). Paired t-test was used to assess statistical significance. Pericyte coverage is expressed as a ratio of GFP/DiI LDL. (D) Aortic rings were prepared from C57BL/6 mice and transfected with LNA-Co or LNA-27 at a concentration of 500 nM and in the presence of 30 ng/mL mVEGF. After incubation for 7 days, pericytes were detected by staining for the mural cell marker NG2 (red) and endothelial cell sprouts were detected by staining for isolectin b4 (green). Scale bar: 500 mm. Student's t-test was used to assess statistical significance. Pericyte coverage is expressed as ratio of NG2/IB4 signal. 18 rings for each group from at least 3 mice were analysed. Confocal z-stack images were taken on a laser scanning microscope LSM780, Zeiss. (E) TEER of MBMECs-HBMVP coculture after 72 h (n = 5 independent experiments, 3 technical replicates each). 3 .0 Â 10 4 pericytes were seeded on the lower side of the membrane, 24 h prior seeding the same cell number of transfected ECs on the upper side of the membrane. TEER was measured for up to 5 days. Paired t-test was used to assess statistical significance. (F) TEER of an EC monolayer after inhibition of miR-27a and miR-27b after 72 h (n = 3 independent experiments, 3 technical replicates each). *P < _ 0.05. 
MiR-27a/b controls endothelial cell-pericyte interaction by targeting semaphorins
Consistent with previous findings, 8, 9 miR-27a/b overexpression reduced the expression of SEMA3B, SEMA6A, and SEMA6D ( Figure 5A , B, and C).
In addition, in human ECs miR-27a/b significantly reduced the abundance of the predicted target Ang-2 ( Figure 5D ), which is known to affect ECpericyte interaction. 28 These changes in Ang-2 protein expression were confirmed by ELISA (Supplementary material online, Figure S4A ).
Furthermore, inhibition of miR-27a/b increased abundance of Ang-2 (Supplementary material online, Figure S4B ). To test whether miR-27a/b directly represses Ang-2, the human 3 0 UTR of Ang-2 was cloned in a luciferase reporter vector. Overexpression of miR-27b significantly reduced luciferase activity ( Figure 5E ). However, overexpression of miR27a or miR-27b also slightly reduced luciferase activity when miR-27a/b binding sites were mutated (Supplementary material online, Figure S4C ), indicating that miR-27a/b affects the Ang-2 3 0 UTR by indirect mechanisms additionally (Supplementary material online, Figure S4C ). However, no regulation of Ang-2 upon miR-27a/b overexpression was observed in murine ECs since the miR-27a/b binding site is not conserved in the 3 0 UTR of the murine ang-2 transcript (Supplementary material online, Figure S4D ). Figure 4 Inhibition of miR-27a/b interferes with endothelial cell-pericyte interaction in vivo. (A) C57BL/6 mice were injected intraperitoneally with LNAs directed against miR-27a/b or control oligos at 20 mg/kg body weight at day 0, 4, 7, and 11 for 14 days. MiR-27a/b expression was measured by qPCR in heart tissue (n = 8). To assess statistical significance, Wilcoxon matched-pairs signed rank test was used in case of miR-27a and unpaired Student's t-test in case of miR-27b. (B) Pericyte coverage was analysed 14 days after miR-27a/b inhibition in the uterus. LNA application was done as described in (A). Scale bar: 100 mm. After harvesting, the organs were cut into two pieces, one for immunohistochemistry and one to analyse the water content. 4 mm paraffin sections were prepared. ECs are stained for CD31 (green), pericytes are stained for NG2 (red) and Hoechst 33342 is used to stain the nuclei (n = 8). Images were taken on a confocal laser scanning microscope LSM780 (Zeiss) using the 25Â objective. (C) Pericyte coverage was calculated as the ratio of NG2-positive vessels compared with CD31-positive vessels. Unpaired Student's t-test was used to assess statistical significance. (D) The morphology and the wet/dry weight ratio of the uterus. The wet weight of the organ was taken immediately after the harvest. To determine the dry weight, the organs were dried for 7 days at 55 C. (E) The wet/dry weight of the uterus was analysed for water content, which is obtained by the subtraction of the dry weight from the wet weight. Mann-Whitney test was used to assess statistical significance. *P < _ 0.05, ***P < 0.001.
A C D E B
MiR-27b controls pericyte recruitment by repressing semaphorins
Therefore, we focused on investigating the effects of semaphorins on EC-pericyte interaction. Silencing of SEMA6A and SEMA6D with siRNAs significantly increased the number of adherent pericytes to EC monolayers (Figure 6A/B ; Supplementary material online, Figure S5 ), whereas inhibition of SEMA3B had no effect on pericyte adhesion. To test the causal relevance of these findings, we inhibited miR-27a/b and determined whether silencing of SEMA6A and SEMA6D can rescue the impaired adhesion of pericytes to the EC monolayer. Indeed, silencing of SEMA6A and SEMA6D partially rescued the effect of miR-27a/b inhibition on pericyte adhesion ( Figure 6B) . To further elucidate the role of semaphorins in EC-pericyte interaction, we investigated whether inhibition of murine Sema6d modulated the barrier function of an EC-pericyte co-culture. Indeed, silencing of murine Sema6d significantly increased the barrier function ( Figure 6C) .
Taken together, our data indicate that endothelial miR-27b controls pericyte adhesion and improves vascular barrier function partly by regulating semaphorin expression in the endothelium.
Discussion
In the current study we demonstrate the regulation of EC-pericyte interaction by miR-27a/b. Overexpression of miR-27b increased pericyte adhesion to EC monolayers and pericyte coverage of EC tubes in vitro. Inhibition of miR-27a/b on the other hand reduced pericyte adhesion, pericyte coverage of EC tubes in vitro and pericyte coverage of EC sprouts of aortic rings. In vivo, inhibition of miR-27a/b reduced pericyte coverage of endometrial vessels in the murine uterus leading to an increased water content in the organ. in HUVECs 72 h after transfection with precursors for miR-27a and b was detected by western blot analysis. Representative blots are shown in the upper panels and quantification is shown below (SEMA3B n = 8, SEMA6A n = 4, SEMA6D n = 10, Ang2 n = 4). (E) Luciferase activity in HEK293FT cells is shown, which were transfected with precursor molecules for miR-27a and miR-27b and luciferase constructs containing the Ang-2 3 0 UTR in the luciferase 3 0 UTR (n = 6). One-way ANOVA (A-E) was used to assess statistical significance. *P < _ 0.05, **P < 0.01, ***P < 0.
As previously shown 29 miR-27a and miR-27b are highly expressed in ECs. Here we show that the expression of miR-27a and miR-27b is upregulated by unidirectional shear stress in vitro and ex vivo. Furthermore, we could demonstrate that laminar shear stress-induced up-regulation of miR-27b is mediated by the flow-induced transcription factor KLF2. Consistently, the primary transcript (c9orf3) as well as the precursor (data not shown) of miR-27b were up-regulated by KLF2. Moreover, silencing KLF2 abolished the shear stress-induced miR-27b up-regulation. In silico analysis of the miR-27b promoter revealed a putative SP1/ KLF binding site, which is evolutionarily conserved and only differs in one nucleotide between human and mouse. For miR-27a, Khan et al. showed that shear stress increases the expression via the transcription factor MEF2. 30 Indeed, silencing of MEF2A significantly blunts the shear stressinduced up-regulation of miR-27a. Previous studies showed that pericytes play an important role in regulating vessel stability in the uterus 31, 32 and the BBB. 15, 33 Inhibition of miR-27 reduced pericyte coverage of endometrial microvessels of the murine uterus. The reduced pericyte coverage after miR-27 inhibition seems to increase the water content in the uterus, suggesting an increase in vessel permeability. Since miR-27 was systemically inhibited in vivo, one could argue that the decreased pericyte coverage is due to regulation of the hormone system which was shown to be affected by miR- 27. 34 Specifically, miR-27a was reported to indirectly increase estrogen receptor alpha in vitro. 35 However, our in vitro data and histological analysis of tissue in vivo support that EC-pericyte interactions are reduced by miR-27 silencing. Since a reduced pericyte coverage of the microvessels in the endometrium was shown to result in fragile and leaky vessels and bleeding, 32 the control of pericyte-endothelial interaction by miR-27 may be sufficient to explain the phenotype.
To assess the effect of miR-27 on vessel permeability we investigated the BBB function. To this end, we first tested whether miR-27b affects the barrier properties of an EC-pericyte co-culture by measuring the TEER. The barrier properties of an EC-pericyte co-culture were increased after miR-27b overexpression and decreased after miR-27 inhibition.
In contrast to our findings, Young et al. 11 showed an increase of vascular permeability after miR-27a overexpression. These effects have been MiR-27b controls pericyte recruitment by repressing semaphorins attributed to a repression of VE-cadherin, which directly affects EC-EC interactions and augments endothelial permeability. However, in the absence of pericytes, our study did not show an effect of miR-27 on the barrier properties of EC monolayers (see Figures 2E and 3F) . Of note, in contrast to Young et al.
11
, we did not activate the ECs with VEGF, which is known to augment EC permeability. In addition, we used primary MBMECs while Young et al. 11 used HUVECs for their experiments. Since brain ECs form tighter barriers as compared with HUVECs, this could be one explanation for the seemingly opposing findings. We confirmed previous findings 8, 9 in which miR-27 targets members of the semaphorin family, i.e. SEMA3B, SEMA6A, and SEMA6D. Moreover, we could show for the first time that miR-27 targets Angiopoietin-2 in HUVECs which is known to be a negative regulator of pericyte recruitment. 28 However, the miR-27 binding site in the 3 0 UTR of human Ang-2 is not conserved in mice. Therefore, the mechanism by which pericyte coverage is regulated in vivo in mice is likely independent of repression of Ang-2. In vitro, we provide a mechanism by which miR-27 regulates EC-pericyte interaction, namely by repressing SEMA6A and SEMA6D, as we could rescue reduced pericyte adhesion mediated by miR-27 inhibition through silencing SEMA6A and SEMA6D. SEMA3B was shown to reduce pericyte coverage of tumour vessels in a MDA-MB435 tumour model. 19 However, in our in vitro studies, we did not see any effects of SEMA3B on EC-pericyte interaction. One explanation might be that different models and cells were used in the studies. Together, our study reports the positive regulation of endothelial cell-pericyte interaction by the flow-induced miR-27b which is in line with the concept that shear stress promotes vessel maturation associated with high grade of mural cell coverage (pericytes or smooth muscle cells). 12 Mechanistically, miR-27 promotes endothelial cell-pericyte interactions by repressing the repulsive proteins SEMA6A and SEMA6D.
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